The relationship between structure, interfacial electrostatics, bonding, and dynamics of organic molecules on metals is studied using a self-assembled monolayer of methylthiolate, CH 3 S, on Cu(111). The flat adsorption energy landscape of CH 3 S=Cu111 results from metal-to-molecule charge redistribution which allows for a high mobility of CH 3 S. This contributes a nonuniform diffuse background to Bragg scattering, which needs to be considered in diffraction analyses. Ramifications on the interpretation of experimental data and the potential impact on the design of metal-organic interfaces are discussed. DOI: 10.1103/PhysRevLett.95.096102 PACS numbers: 68.43.Bc, 73.61.2r, 82.65.+r Self-assembled monolayers (SAMs) of organic molecules on metal surfaces are the focus of much activity in view of their potential uses ranging from biofunctionalized coatings to molecular electronics [1] [2] [3] [4] [5] [6] . In comparison with the ubiquitously studied thiolate-gold interface, there has been much less attention paid to thiolates on copper. Relativistic effects, prominent for thiolate=Au [7] [8] [9] , are negligible in the thiolate=Cu systems, which results in different molecule/metal interactions and thus different interfacial properties [9] .
Self-assembled monolayers (SAMs) of organic molecules on metal surfaces are the focus of much activity in view of their potential uses ranging from biofunctionalized coatings to molecular electronics [1] [2] [3] [4] [5] [6] . In comparison with the ubiquitously studied thiolate-gold interface, there has been much less attention paid to thiolates on copper. Relativistic effects, prominent for thiolate=Au [7] [8] [9] , are negligible in the thiolate=Cu systems, which results in different molecule/metal interactions and thus different interfacial properties [9] .
As such, the scenario inferred from experiments, even for the simplest SAM based on CH 3 S, is distinctly different from that of the Au analogue. There is evidence that the CH 3 S=Cu SAM does not have a well ordered structure even at low temperatures. High resolution S 2p photoelectron spectroscopy [10, 11] suggests a wide variety of species on the Cu(111) surface with low (LT) and high (HT) temperature CH 3 S=Cu phases (140 and 300 K, respectively) in addition to CH 3 SH and atomic S on the surface. The LT phase has been proposed to consist of a mixture of symmetric hollow sites (65% of hcp and 35% of fcc) or possibly bridge sites, based on x-ray standing waves [10] , whereas photoemission diffraction [12] suggests a 71% and 29% population of bridge and fcc sites, respectively. Room temperature STM images [13] revealed three different phases with tentative assignment as the LT and HT phases and a hexagonal full coverage phase. Similarly, thiolate phases and an atomic S phase, at higher temperatures, were observed on Cu(100) and Cu(110) surfaces using temperature programmed desorption, x-ray photoemission spectroscopy, and STM [14 -16] . Experimental evidence shows that heating the Cu(111) surface covered by an CH 3 S adlayer desorbs CH 3 radicals [10] , whereas CH 3 S desorbs from the Au(111) analogue [17] . Previous theoretical work has been able to address issues such as the relative desorption energetics on Cu vs Au [7, 9] or STM image interpretation [18] . Here, the aim is to provide a microscopic understanding of the molecule/metal interface created by chemisorbed CH 3 S on the Cu(111) surface to explore possible ramifications on the interpretation of experimental observations. Density functional calculations of the CH 3 S=Cu111 SAM were performed using the CPMD and CASTEP codes [19] , the Perdew-Burke-Ernzerhof functional, and Vanderbilt ultrasoft pseudopotential with a plane wave cutoff of 25 Ry. The LT phase [10, 12] is modeled as a six-layer slab with one and four CH 3 S for the c2 2 and c4 4 cells, respectively, including an 8 Å vacuum layer. This yields a concentration of 3:85 10 ÿ14 cm ÿ2 close to the experimental value of &5 10 ÿ14 cm ÿ2 [10, 13] . Up to 8 8 1 Monkhorst-Pack k points and an electronic smearing of 0.2 eV is employed for the c2 2 cell, the ÿ point was used for the c4 4 cell. Car-Parrinello ab initio molecular-dynamics (MD) simulations [20, 21] were done at 300 K in the c4 4 supercell, allowing all atoms to move, to generate a 13 ps trajectory after 3 ps of equilibration; massive Nosé-Hoover thermostat chains on both electrons and nuclei enforced adiabaticity [21] . Note that at the simulation temperature the LT phase is experimentally found to be metastable [13] . Using analogous techniques, the reference Au data were obtained within the bridge site model 3 p 3 p R30 structure [22] . The c2 2 and c4 4 supercells locate the global minimum for thiolate adsorption on Cu(111) close to the fcc site featuring a shift of 0:3 A towards the fcc-to-hcp bridge. This structure is characterized by a tilting of the S-C bond by 50 from the surface normal, two Cu-S distances of 2:28
A with a third of 2:6 A. A shallow minimum is found near the hcp position, displaced by 0:2 A toward the fcc site, which is only 0.01-0.04 eV higher in energy than the fcc and exhibits similar local structure parameters. The bridge site is not a minimum, however, the adsorption energy difference relative to the
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096102-1  2005 The American Physical Society fcc site is only 0:01 eV, whereas the on-top site is 0:5 eV above fcc. The resulting adsorption potential energy surface (PES) is extremely shallow, see Fig. 1 , such that the fcc and hcp minima and the paths between them are separated at most by 0:1 eV. The existence of such low-energy channels suggests that the effects of thermal fluctuations could have significant ramifications. As a first step, we consider the bonding of CH 3 S on Cu(111) in comparison with the more studied Au(111) analogue. Building upon previous findings [8, 9, 23] , we can understand charge transfer at this molecule/metal interface by considering the electronic chemical potential of the molecule, , relative to that of the surface by computing the work functions, ÿ. For metal surfaces may be calculated by the difference between the Fermi level and the value of the electrostatic potential, V ES (see Ref. [21] for an exact definition), in the vacuum region. This provides Cu ÿ4:2 eV (ÿ4:3 eV) and Au ÿ5:3 eV (ÿ5:4 eV); experimental data [24] in parentheses. Compared with CH 3 S ÿ5:4 eV [9] this suggests that there is a larger charge redistribution to CH 3 S from Cu than from Au. As a measure of this we plot in Fig. 2 the z projection of the electronic density obtained for the c4 4 cell, compared with a clean Cu surface and a layer of CH 3 S in the same configuration as on the CH 3 S=Cu111 SAM. The density difference shows a large pile up of electrons onto CH 3 S which integrates to 0:6e ÿ in good accord with Ref. [18] . This by far exceeds the density reshuffling at the CH 3 S=Au111 interface, &0:1e ÿ1 , which exhibits an extremely flat density difference profile. Hence, it is conceptually appropriate to view this SAM as being more ionically chemisorbed to the Cu surface, as opposed to covalently bound on gold, which settles the bonding question raised recently for thiolates on copper [10] . As a result, the more ionic bonding of thiolates with copper will have a much less directional character than with gold [8] , an observation which qualitatively explains its flat PES.
As a more quantitative measure of interfacial charge redistribution we consider in Fig. 2 the z projection of V ES . The calculated CH 3 S=Cu ÿ3:2 eV corresponds to a lowering of the work function relative to Cu by 1.0 eV. This is surprising in light of the fact that the charge redistribution from the metal to the SAM should result in an interfacial dipole layer oriented toward the surface which should, in turn, increase CH 3 S=Cu relative to Cu . We are able to understand the interfacial electrostatics by factoring out the atomic contributions, see dashed line in Fig. 2 . This difference curve reveals that there is an increase, by 0.4 eV, in V ES in the region of the Cu-S bond associated with a charge transfer potential, which is negligible for CH 3 S=Au111. For Cu, this potential is largely canceled out by a drop of almost equal magnitude owing to a polarization in the density within the CH 3 S molecule. This is correlated with the relatively low calculated desorption energy of 1.3 eV for CH 3 [9] in accord with the experimentally observed temperature induced desorption of methyl radicals on copper [10] . Overall, the net decrease in CH 3 S=Cu by 1:0 eV can be ascribed to the permanent dipole moment of the CH 3 S layer, which is oriented away from the surface (triangles, lower subpanel Fig. 2) . Hence, the surface electrostatics are dominated by opposing processes which strongly suggests the possibility of ''tuning'' by tailoring the molecules' properties such as dipole moment, polarizability, or chemical potential.
The flat PES raises the question of whether the SAM can be characterized by a statistical population of only fcc and hcp sites. This was one of the possible assignments of Ref. [10] , supported also by the excellent agreement between the resulting experimentally determined d CuÿS distance of 2.38 Å at 140 K [10] , and the theoretical value of 2.39 Å . However, considering the extremely low energy barriers between minima on the PES, we can expect significant mobility of thiolates along the surface, suggesting large dynamical or entropic effects. Thus, static disorder might not be sufficient to clarify the experimental situation, a dynamic picture may be appropriate.
This expectation is born out by ab initio MD simulations which provide a measure of the mobility of chemisorbed CH 3 S. The average mean-square displacement of the sulfur headgroups indicates significant diffusive motion and yields a 2D diffusion coefficient as large as 0:5 10 ÿ5 cm 2 =s at 300 K within the limitations of the accessible trajectory. Diffusion is very anisotropic though and occurs preferentially along low-energy fcc-bridge-hcp channels, see Fig. 1 for the underlying pathways, which would support the emerging picture of potentially quite mobile thiolate adlayers on metals [16, 25] . This produces, dynamically, a significant population of all highsymmetry adsorption sites: the computed populations of fcc:hcp:bridge regions are roughly 41%:17%:42% based on the nearest-site criterion; note that the ratio of fcc:hcp:bridge sites available is 1:1:3. Neglecting the bridge site, which is not a minimum, yields relative occupations of 63:37% for the fcc:hcp ratio. Hence, the simulation clearly demonstrates that there is a significant dynamic/entropic as well as a static component to the molecular disorder within the CH 3 S=Cu111 SAM.
This dynamic component has important ramifications for the experimental assignment of site populations from diffraction as described by the total structure factor, Sq hqÿqi=N, and its decomposition into coherent, S c q jhqij 2 =N, and diffuse, S d q Sq ÿ S c q, components [26] . To consider a wide class of diffraction experiments both the scattering in the directions of the surface plane q x;y as well as the out-of-plane component q z is computed [26] . For the in-plane scattering, Fig. 3(a) (top) , the total structure factor Sq exhibits all the expected sharp peaks associated with coherent Bragg scattering. However, S d q is clearly not a uniform, smooth background as one could expect, and contributes up to 20% of the total scattering, see Fig. 3(a) (bottom) . By computing the structure factors separately for a 2 ps segment of the trajectory where all molecules are transiently trapped close to their fcc sites, S qs q, it is found that the diffuse component becomes uniform and negligibly small in this quasistatic limit; compare Fig. 3(b) (bottom) to Fig. 3(a) (bottom). Thus, the modulation of the ''diffuse'' background scattering is traced back to correlated, diffusive motion of the thiolates.
The diffuse component is not strictly confined to the inplane scattering but also affects that along the surface normal, i.e., the continuous dependence of the Bragg peaks in the q z direction as probed by rod scans and grazing incidence x-ray diffraction techniques. In Fig. 4 we plot the scattering for two representative Bragg peaks, q x;y 1:5 and 4:8 A ÿ1 , which are dominated by scattering from S and Cu atoms, respectively. Despite the fact that the height of the S atoms is uniformly distributed about 1.8 Å above the surface, the diffuse component in the q z direction is again large with a nonuniform contribution to Sq for all Bragg peaks. As with the in-plane scattering, the diffuse component essentially vanishes when the molecules are transiently pinned to fcc sites (data not shown). Hence, correlated motions involving both Cu and S, as a result of local in-plane diffusion, provide a large nonuniform diffuse component to both in-and out-of-plane scattering; a fact which must be taken into account for proper structural assignment of these SAMs based upon diffraction. To clarify this latter point we perform a hypothetical least-square fitting of the simulated in-plane structure factors to a commonly used static model, S model c fcc S fcc c hcp S hcp , where S i q is the structure factor for thiolates on the ith binding site with population c i . When fitting this statistical model to the simulated coherent component, S c q, a fcc:hcp site distribution of about 57%:42% was obtained, in accord with the populations extracted from the trajectory in real space. A different scenario results if one perfroms the same fit employing the total Sq: no combination of the two stable minima provides a satisfactory representation of the simulated scattering function. Only after inclusion of a bridge site contribution, which is however not a local minimum, can this scattering be fit to a ratio of 35%:50%:15%; this ratio being in complete disagreement with the real-space data, 41%:17%:42%. However, in the quasistatic limit of pinned molecules, i.e., using S qs q, a direct fit of the total structure factor is again successful, 95:5%. As a result, diffraction-based assignments of site populations should be extremely sensitive as to how the diffuse component is treated, which may be at the heart of radically different assignments for the same SAM. In these cases real-space methods such as STM might be a better suited probe to determine site populations.
In conclusion, there is a significant local mobility in the SAM resulting in a large nonuniform (diffuse) background to scattering which must be taken into account when interpreting diffraction patterns and could be scrutinized by inelastic scattering measurements. This is ultimately traced back to a sizable metal-to-molecule charge redistribution at the interface of CH 3 S=Cu111 SAMs; nondirectional, partially ionic chemical bonding, and polarization within the molecules of the SAM, all at variance with the analogue gold system. In addition to a distinct weakening of the S-C bonds, allowing for easy desorption of CH 3 radicals, this scenario results in a flat adsorption (free) energy landscape; entropy, dynamic disorder, and diffusive motion playing pivotal roles. In general terms, our findings interconnect previously unrelated structural, electrostatic, bonding, and dynamical properties of these SAMs. Furthermore, our analysis also suggests that these properties may be simultaneously manipulated by simply tuning the chemical potential of the organic molecule, e.g., by suitable chemical substitution, relative to the work function of the underlying metal surface.
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